ABSTRACT: Using ab initio density functional theory, we investigate how hydrogen interacts with Pt−Au bimetallic nanoparticles (NPs) of various compositions. Several Au, Pt, and Pt−Au NPs of 85 atoms are considered. The results indicate that both the adsorption energy and the geometry of the most favorable adsorption sites are dependent on the local distribution of metal atoms. On some adsorption sites, our results suggest that the hydrogen adsorption on Pt−Au NPs can be more favorable than that on monometallic Pt NPs of similar size. The results are interpreted with the aid of a number of electronic structure details, including d-band structure, density of states, electronic population, and charge density differences.
INTRODUCTION
Gold, the noblest of all metals, is not reactive in the bulk phase. 1 However, Au nanoparticles (NPs) show catalytic properties for a wide range of reactions. 2, 3 Both NP size and shape affect the catalytic activity. 4, 5 Several possibilities have been proposed to explain the high catalytic activity of Au NPs, including the high density of atoms with low coordination number, inter-and intra-atomic charge redistributions.
Au NPs show remarkable performance for catalyzing hydrogenation reactions. 6−8 For example, Hugon et al. 9 produced 100% butenes by the hydrogenation of 1,3-butadiene using supported Au NPs. Corma et al. 10 found that Au NPs supported by TiO 2 or Fe 2 O 3 yield >95% selectivity to cyclohexanone oxime from nitroarenes. However, the activity for hydrogenation reactions on Au catalysts is ∼2 orders of magnitude lower compared to that of Pt-based catalysts. 11, 12 Hydrogen dissociation and adsorption are likely the ratelimiting steps in hydrogenation reactions catalyzed by Au NPs. 13−16 Hydrogen adsorbed on isolated or supported Au NPs is occasionally studied by experiments. 17 The amount of hydrogen adsorption over Au NPs increases as the temperature increases from 298 to 373 K, indicating that hydrogen dissociation is an active process. 18, 19 Experimental evidence suggests that hydrogen is predominantly dissociated and adsorbed at corner and edge sites of Au NPs. 19, 20 These experiments are coupled by theoretical studies, which are usually conducted for very small NPs. 21 For example, studying one NP of 13 Au atoms on titania, Corma et al. 22 found that hydrogen cannot be activated over positively charged Au. Barrio et al. 23 suggested that ensemble effects and the presence of low coordinated Au atoms are both important factors for dissociating hydrogen on Au NPs. Instead of Au-based catalysts, Pt catalysts are very often employed for hydrogenation reactions in the industry. 24 According to experimental X-ray absorption near edge structure (XANES) data, hydrogen adsorbs on Pt top, bridge, and hollow sites. 25 It has been found that hydrogen dissociates at corner and edge sites, and then it diffuses to facet Pt sites. 26, 27 This is different compared to what happens on Au catalysts, where the H atoms cannot spill to the facet sites due to the closed shell electronic configuration of Au atoms. 18, 19 Theory suggests that increased catalytic activity over bulk Pt can be achieved using Pt NPs. 26 The scope of the present manuscript is to understand whether bimetallic catalysts can take advantage of the properties of both Pt and Au nanocatalysts. Perhaps it will be possible to obtain nanocatalysts that are as active as Pt and as selective as Au. As a first step, we focus here on hydrogen adsorption on several NPs, the first step of many hydrogenation reactions.
It is known that bimetallic NPs can provide higher selectivity, stability, and catalytic activity compared to monometallic catalysts. 28, 29 Because Pt−Au NPs can catalyze oxidation reactions at mild temperatures, most research is concerned with their application in proton-exchange membrane fuel cells (PEMFCs), 30 methanol oxidation fuel cells (DMFCs), 31 direct formic acid fuel cells (DFAFCs), 32, 33 etc. Xu et al. 34 pointed out that the presence of Au could reduce CO poisoning, leading to a higher utilization of the Pt catalyst. Single atom alloys have received much attention toward catalyzing hydrogenation reactions. Kyriakou et al. 35 demonstrated that adding isolated Pd atoms to a Cu surface lowers the energy barrier for both hydrogen dissociation and desorption, yielding a very efficient catalyst for the hydrogenation of styrene and acetylene. Jiang et al. suggested that widely dispersed Ag on supported Pd NPs could greatly enhance activity for 4-nitrophenol hydrogenation, 36 while Ag acts as a promoter that provides selectivity. 37 Some results suggest that synergism between Pt and Au might enable Pt−Au bimetallic NPs to be more active than monometallic Au NPs for hydrogenation of multifunctional compounds. Serna et al., 16 e.g., found that substituting a small amount of Pt onto titania-supported Au, could increase the catalytic activity by 1 order of magnitude for the hydrogenation of nitro aromatics. Unfortunately, such small amounts of Pt in Au catalyst are hard to be fully characterized experimentally. Sun et al. 15 and Hong et al. 38 conducted experiments to assess the catalytic activity of Pt on Au catalyst with different Pt/Au ratios toward the hydrogenation of cinnamaldehyde. The results suggested that fully dispersed Pt atoms act as active sites for hydrogen dissociation and adsorption. These authors highlighted the need of better understanding the details of how hydrogen interacts with Pt− Au NPs.
To achieve such an understanding, theoretical studies of hydrogen adsorption on Pt−Au NPs could be useful. A few such investigations exist in the literature. For example, a DFT calculation indicates that on Pt−Au NPs supported by titania, Pt atoms could reduce the energy barrier encountered in hydrogen dissociation. 39 The electronic details of such phenomena remain unknown. An experimental study performed by Bus et al. 20 indicates that the amount of hydrogen adsorbed per unit surface area is lower on Pt−Au NPs than on Pt NPs of similar size, although, based on XANES data, hydrogen interacts with both Au and Pt atoms.
Before discussing the systems studied in this work it is important to remember that bulk Au and Pt metals are immiscible for a large range of compositions. 40 A DFT calculation indicates that Au atoms segregate to the Pt (111) surface. 47 Pt−Au NPs show physical properties different from their bulk counterparts. 41 Pt−Au single-phase alloys, partial alloys, hetero aggregates, and core−shell NPs can be prepared. 31,42−45 The alloy structure of Pt−Au NPs supported by silica can be preserved at 700°C. 46 Fully dispersed Pt ensembles on Au NPs can also be synthesized by reductive deposition, 38 or by the impregnation (IMP) method. 16 A number of theoretical 47−49 and experimental 50 studies suggest that Au tends to segregate on the surface of the Pt−Au NPs, and that the Au-shell Pt-core structure is the most thermodynamically favorable. 51 In the present study, we investigate the interaction of Pt, Au, and Pt−Au NPs with hydrogen atoms using ab initio density functional theory (DFT). We report the most favorable adsorption sites and the adsorption energy on several Pt−Au NPs. The effects of the local atomic distribution are evaluated quantitatively. We find that it is possible to control the adsorption strength of hydrogen on Pt−Au bimetallic NPs, and hence, presumably, its surface distribution. A combination of ensemble and electronic effects could explain the results. Moreover, Pt−Au NPs with the same composition yield different hydrogen adsorption energy and preferential sites depending on their atomic distribution. These results are qualitatively consistent with experimental observations. 15, 20, 45 To explain our results, density of states, electronic population of relevant atoms, highest occupied molecular orbital (HOMO), and charge density differences are computed. Since to interpret catalytic activity results for transition metal catalysts, structure and position of the d-band is often invoked, 52, 53 we detail the d-band center in our Pt−Au bimetallic NPs.
In the remainder of this manuscript, we first present the computation details, then we analyze the NPs geometry and the hydrogen adsorption energy; finally, we characterize the electronic structure of the NPs. We conclude by summarizing our most important observations.
COMPUTATIONAL DETAILS AND METHODS
Hydrogen adsorption on monometallic Au and Pt, and on bimetallic Pt−Au NPs is studied with the periodic supercell model. One isolated 85-atom NP is placed in a 45 × 45 × 45 Å cubic cell. The size of the cubic cell is large enough that the distance between the closest atoms belonging to neighboring images is never lower than 20 Å in all directions. The initial structures of the metal NPs are based on previous studies, which will be discussed below. The NPs are initially constructed using the software XCrySDen. 54 The positions of all atoms are fully relaxed without imposing any symmetric constraints.
The unique physical and chemical properties of nanostructured catalysts are known to be strongly related to their size. 4, 55 In the present work we used Pt, Au, or bimetallic Pt− Au NPs of size ∼1.5 nm (85 atoms), large enough that they could be prepared and studied experimentally.
20, 56 The objective of this paper is not to find the stable structure of the Pt−Au bimetallic NP, but instead to quantify the effect of local composition and atomic distribution on hydrogen adsorption and dissociation. The results might depend on the atomic structural arrangement within the NPs. Based on a literature review, 57−62 we concluded that the octahedral structure should be stable for 85-atoms NPs and will allow us to satisfactorily compare results obtained on different NPs.
Because one hydrogen atom is much smaller in size than each of the 85-atoms NPs and because the octahedral NP structure is symmetric, we evaluated hydrogen adsorption only on the three atomic layers on one vertex of each NP. Bimetallic NPs are prepared by changing the atomic composition of these layers: (a) when the first layer (vertex atom) of the monometallic NPs (Pt 85 The ab initio DFT calculations are performed using the Quantum-ESPRESSO package. 63 The generalized-gradient approximation (GGA) exchange-correlation functional proposed by Perdew, Burke and Ernzerhof (PBE) 64 is employed. The wave functions and the charge density are expanded with kinetic cutoffs of 30 and 300 Ry, respectively. Electron−ion interactions are described using ultrasoft pseudopotentials. 65, 66 The following atomic configurations are obtained: Pt [Xe]-4f 14 5d 9 6s 1 , Au [Xe]4f 14 5d 9.5 6s 1 6p 0.5 , and H 1s 1 . All the properties of the system are evaluated at the Γ point of the Brillouin zone. The total energy is converged to within 1 × 10 −4 Ry, and the geometry is optimized until the atomic force is less than 1 × 10 −3 Ry/bohr. To test the structure sensitivity of the results, we changed the optimal bond distances between adsorbed hydrogen and metal atoms by ±0.10 Å to create alternative configurations. The same final geometries and total energies were obtained after optimization.
Two hydrogen atoms were considered simultaneously. Because of the small size of the NPs simulated, it was often difficult to simultaneously adsorb two hydrogen atoms on similar adsorption sites found on the same facet. To obtain consistent results, we instead placed the two hydrogen atoms on the same type of adsorption sites, but on sites that are symmetric across the NPs. Explicitly, to calculate the hydrogen adsorption energy of the H2 site on Pt 85 , (see Figure 2c) we placed one H atom on the H2 site at front facet, and another H atom on the H2 site available on the facet on the back of the NP. There is only one exception to this procedure: the adsorption studied on the T1 top site, in which case two H atoms were simultaneously placed on the vertex atom. For comparison, we also studied the adsorption of one single hydrogen atom on the T1 top site. We report results for the adsorption energy and H-metal bond length in Table 1 , but these results are not included in the main part of the discussion.
The adsorption energy of hydrogen on a metal NP is calculated as
In eq 1, E NP+2H is the potential energy of NP with two hydrogen atoms adsorbed. E NP is the potential energy of the isolated NP after geometry optimization. E H 2 is the potential energy of an isolated hydrogen molecule. The more negative E Adsorption , the stronger the adsorption. 39 With similar spirit, charge density differences are evaluated using the formula
In eq 2, ρ NP+2H is the charge density of the NP with two hydrogen atoms adsorbed, ρ NP is the charge density of isolated NP, and ρ 2H is the charge density of two isolated H atoms, with atomic positions frozen at the optimized geometry.
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The population distribution for metal atoms and H atoms is estimated by using the Loẅdin orthogonalized basis. 68 
RESULTS
Optimized Geometries of Pt−Au Bimetallic NPs. The optimized geometries of the 10 NPs studied are shown in Figure 1 . Structure-sensitivity analysis was performed by changing the metal−metal bond by ±0.05 Å to create alternative initial configurations. All the NPs used here were found to be stable. Among the eight bimetallic NPs shown in Figure 1 , there are two groups of homotops, which are Au 84 56, 72, 73 studies. This was expected, because the atomic radius of Au (1.44 Å) is larger than that of Pt (1.39 Å) 74 and the surface energy of Au is lower than that of Pt. 75 Hydrogen Adsorption. Hydrogen adsorption is evaluated on the top three atomic layers of each NP. Fifteen possible adsorption sites have been identified, which are shown in Figure 2 : four top sites, six bridge sites, and two hollow sites. Among the four top sites, three (T1, T2, and T3) are located on the edge atoms of NPs, the fourth (T4) is located on the NPs facet. Out of the bridge sites, B1 and B4 are located on the NPs edge; B2, B3, B5, and B6 are located on the NPs facet. The hollow site is known to be the most favorable site for hydrogen adsorption on the bulk Pt surface. Two kinds of hollow sites are available on our NPs: three hexagonal close packed (hcp) (H1, H3, and H5) and two face-centered cubic (fcc) (H2 and H4). As mentioned in the Computation Details and Methods section, two hydrogen atoms are adsorbed simultaneously on each NP. Several stable sites were identified after geometry optimization (see Figure 3) . The corresponding adsorption energies are reported in Tables 1, 2, and 3. Based on our calculations, the most favorable adsorption site for hydrogen is the B4 site on Pt 84 Au 1 -c (−29.39 kcal/mol), and the weakest one is the B4 site on Au 85 (−1.53 kcal/mol). Generally, the most favorable adsorption site on the monometallic NPs (Au 85 and Pt 85 ) is located at the bridge sites at the edge of NPs. On bimetallic NPs, the most favorable adsorption site depends on the atomic distributions. The adsorption sites located on the facets show weaker adsorption compared to the sites at edge or corner sites, perhaps not surprisingly. Dissociated H atoms could interact favorably with both Au and Pt atoms on bridge sites. On the contrary, the top and hollow sites are favorable when H atoms only interact with Pt atoms. When hydrogen interacts only with Au, only the bridge sites are found to be favorable for adsorption. More details are discussed in what follows.
3.1.1. Hydrogen Adsorption on Monometallic Au and Pt NPs. Hydrogen only adsorbs favorably on the B1 and B4 sites of the monometallic Au NP, but with relatively weak adsorption energies (see Figure 3d) . The adsorption energy is stronger on B1 than on B4. Bus et al. 19 ,20 studied experimentally hydrogen dissociation and adsorption on Au NPs of size 1.1−1.4 nm, supported by silica and alumina. The results were consistent with hydrogen dissociation and adsorption at corner and edge sites of Au NPs, in qualitative agreement with our results. Theoretical results also suggest that the neutral Au atoms at corner and edge sites are the active sites for hydrogen 85 . As expected, the adsorption energy is much stronger (more negative) compared to that found on Au 85 . The bridge and edge sites are the most favorable for hydrogen adsorption on Pt 85 . These results are consistent with the DFT calculations presented by Okamoto, 55 who reported that the strongest adsorbed hydrogen atom on Pt 55 NPs is found at the bridge site at the edge (−34.5 kcal/ mol), followed by that found at the top (−30.8 kcal/mol) and hollow sites (−19.8 kcal/mol). Okamoto also showed that hydrogen adsorption on Pt 55 and Pt 150 NPs hollow sites is energetically less favorable than that on the bulk Pt fcc (111). An adsorption energy of −22.40 kcal/mol was reported for hydrogen adsorption on Pt 3 . 77 Experimental data are available for hydrogen adsorption on Pt NPs supported by NaY zeolite (adsorption energy of −31.34 kcal/mol) 78 and on the bulk Pt (111) surface (from −16.13 to −19.13 kcal/mol). 79−81 These data are in good agreement with our findings.
The optimized geometries of the Pt 85 NPs after hydrogen adsorption are shown in Figure 3a −c, where we also report the H−Pt bond distance. These are in good agreement with previous DFT calculations (H−Pt distances of 1.53 Å on the top site of a Pt trimer, 77 and 1.77 Å on the bridge site of a Pt 13 NP 78 have been reported).
Returning to our results, we found that the adsorption energy of one hydrogen atom on T1 (see Table 1 ) is more negative than half the adsorption energy of two H atoms on the same site. This suggests that the two H atoms adsorbed simultaneously on the T1 site strongly interact with each other, perhaps as expected given the short distance that separates the two adsorbed atoms.
3.1.2. Hydrogen Adsorption on Pt−Au Bimetallic NPs. When the second metal is added to the monometallic NPs, several different local environments are available for hydrogen adsorption. Adsorption energies obtained in our calculations are reported in Tables 1, 2 , and 3. Our results suggest that both Au and Pt activity toward hydrogen adsorption become stronger in the bimetallic NPs compared with their monometallic NPs, although hydrogen atoms show a preference for Pt atoms also in bimetallic NPs. The influence of Au in determining the catalytic activity of Pt−Au NPs has traditionally been attributed to ensemble effects. 82, 83 However, in some circumstances our results show that hydrogen atoms could also interact with Au atoms, suggesting that other effects might also be important. For instance, the B1 site of Au 84 Pt 1 -t and Pt 81 Au 4 , where hydrogen interacts with both Au and Pt atoms, are found to be very favorable.
By comparing the hydrogen adsorption on the same site in different NPs, we confirmed that in bimetallic NPs Au and Pt atoms influence each other. The T2 site is a good example, since hydrogen atoms directly adsorb on its proximity (see Table 1 
-t NPs).
Adsorption on hollow and bridge sites also shows a similar trend. There is only one exception, which is the adsorption on the T4 site. On this site our results suggest that as the number of neighboring Au atoms increases, the hydrogen adsorption energy becomes less favorable.
Symmetrically, comparing the adsorption energies on the B1 site of Au 85 , Au 84 Pt 1 -c, and Pt 80 Au 5 NPs, we found that the neighboring Pt atoms enhance the hydrogen interactions with Au atoms. However, the effect is not as obvious as the one discussed above. These results suggest that the influence of Au on the catalytic properties of Pt is not only due to an ensemble effect, but also a ligand effect. 84, 85 Bus et al. 20 obtained a similar result experimentally; these authors suggested that Au might modify the shape of the 5d band of neighboring Pt atoms, yielding higher heat of adsorption for H on Pt.
Our results show that when the Au NPs contain small amounts of Pt (e.g., Au 84 Pt 1 -t, Au 80 Pt 5 and Au 81 Pt 4 ) hydrogen adsorption becomes much more favorable than on the monometallic Au NP. These results suggest that small amounts of Pt on Au NPs could strongly increase their activity toward hydrogen dissociation. Furthermore, in the presence of some neighboring Pt atoms, we find that hydrogen atoms could adsorb on surface Au sites, which could not happen on the monometallic Au 85 NPs. Some experimental results are consistent with our data. For example, Boronat et al. 39 calculated the adsorption energies of hydrogen atoms on the bridge site of Au 12 Pt and Au 12 Pt/TiO 2 , obtaining −32.6 kcal/ mol and −20.5 kcal/mol, respectively. Serna et al., 16 e.g., found that the hydrogenation of nitroaromatic compounds catalyzed by Pt 0.01% /Au 1.5% /TiO 2 is 6 times faster than that on Au/TiO 2 . Sun et al. 15 found that the activity of Au catalyst could increase by 1−2 orders of magnitude by adding widely dispersed Pt.
Electronic Structure Analysis. We discuss some features of the electronic structure of the bare NPs as Supporting Information (Loẅdin electronic population, d-band density of states, and charge densities). In what follows, we discuss the electronic features observed on the NPs after hydrogen adsorption. In particular, we highlight changes in charge density and density of states due to hydrogen adsorption.
3.1.3. Electronic Population Analysis. Electronic populations for hydrogen adsorbed on top, bridge, and hollow sites are shown in Tables 4, 5 , and 6, respectively. In all cases, we found that the electron count for one hydrogen atom is less than 1 after adsorption, because electrons are transferred to the metal atoms on which adsorption occurs. The extent of electron transfer depends on (1) the position of the adsorbed H; (2) the metal atoms with which H interacts; and (3) the surrounding metal atoms. More electrons are transferred from H when it interacts with Pt than when it interacts with Au. Hydrogen atoms are more likely to lose electrons when they adsorb on facet sites. For example, the electronic populations of H atoms adsorbed on the T4 site, ∼0.82, is less than that of H adsorbed on T1, T2, or T3 sites, 0.85−0.90. Despite these differences, we could not find any correlation between the electron depletion in the adsorbing H atoms and the adsorption energy.
Probably as a consequence to the electron transfer from the adsorbing hydrogen atoms, significant charge redistribution is observed upon H adsorption within the NPs. In Table 7 , we summarize the electronic population of the second layer Pt atoms in different NPs before and after hydrogen adsorption. We focus on these atoms because the second layer atoms have most varied local environment (neighboring atoms) within the bimetallic NPs considered here. When adsorbed on the T2 site, one hydrogen atom directly interacts with one metal atom, thus differences in electronic structures will be predominantly due to neighboring atoms. The results show that the electronic population of Pt atoms increases by ∼0.07 to 0.09 electrons after hydrogen adsorption. The electron accumulation is observed for the most part in s-and p-orbitals, while the electronic population in the d-orbital is reduced by ∼0.07. Our data analysis suggests that the largest the electron depletion from the d-orbitals upon H adsorption is, the more favorably H adsorbs on the various sites. It is possible that the d electrons are delocalized from the Pt atom to increase the electron density between the H−Pt atoms, yielding stronger H−Pt bonds. The electron depletion from the d-orbital is observed also when H directly interacts with two or more metal atoms. Visualization of such phenomena is attempted by analyzing charge density differences, discussed below.
3.1.4. Density of States Analysis of the Hydrogen−Metal Bond. The d-band model, which we invoke in the Supporting Information to qualitatively explain the trends observed for the hydrogen adsorption energies as a function of NPs composition, suggests that adsorption energies and activation barriers mainly depend on the coupling of the hydrogen density of states (H-DOS) to the d-band of metal atoms, which is very sensitive to the transition metals considered. 86 In Figures 4 and  5 , we compare the H-DOS to the d-band structure for several NPs before and after hydrogen adsorption. We also show charge density differences.
In Figure 4 , we consider H adsorbed on the T2 site of Pt 85 and Au 80 Pt 5 NPs. The DOS of hydrogen atoms is calculated and shown in this figure to analyze H−Pt interactions. We found that the d-band structure changes significantly upon H adsorption on both NPs. Evidence for the mixing between the The Journal of Physical Chemistry C Figure 4a ), we found that the peak at ca. −0.7 eV sharply decreases upon H adsorption, which suggests electron depletion. On Pt 85 (Figure 4b ), the electron density at ca. −0.7 eV also decreases, but not as extensively as in Au 80 Pt 5 . This is due to the modification of the Pt electronic structure in Au 80 Pt 5 by the Au atoms. The electronic density slightly increases at the energy level from −3.6 to −7.0 eV in both NPs, which indicates electron accumulation, corresponding to the bonding state of Pt−H. These results indicate that Pt atoms donate and accept electrons simultaneously upon H adsorption. Hydrogen adsorption induces more electron depletion from the Pt dorbital in Au 80 Pt 5 compared to that in the Pt 85 NP, which is consistent with electronic population analysis (see Table 7 ).
To visualize the DOS, we calculate the charge density difference between the macromolecular complex (two H atoms adsorbed on the symmetric T2 sites of Au 80 Pt 5 and Pt 85 NPs) and the isolated components (NPs and two free H atoms). The results are shown in Figure 4 (left panels). In all cases, H atoms donate electrons (as evidenced by the red surface), while electron accumulation localizes on the dumbbell-shaped region near the Pt atoms, which corresponds to the Pt dz 2 atomic orbital. The electrons depletion from the Pt d-orbital is also observed (note the two parallel ring-shaped orbitals near Pt, perpendicularly to the H−Pt bond). In agreement with the DOS analysis, the electron depletion is more pronounced in Au 80 Pt 5 than in Pt 85 . We also observed charge redistribution on the neighboring metal atoms, which do not directly interact with hydrogen. Although on Au 80 Pt 5 the neighboring charge redistribution is mostly localized on the Pt atoms at the second layer, on Pt 85 the charge redistribution is observed even on the third and fourth atomic layers. The charge redistribution is much more pronounced on the Pt atoms in Au 80 Pt 5 than on Pt 85 . This indicates that the Pt atoms in the bimetallic NPs more easily accept and donate electrons than those in the monometallic Pt NP, explaining, in part, why the Pt atoms in the bimetallic NPs are more active toward H adsorption than those in the monometallic Pt NP (see the T2 site in Table 1) .
To study how H interacts with Au atoms, the electronic structures of Au−H−Au at the B1 site are characterized and shown in Figure 5 . Au 85 and Pt 80 Au 5 NPs are chosen as examples. The d-PDOS of the Au atoms at the second layer before and after H adsorption are shown in the right panels of Figure 5 . Upon H adsorption, the d-band structure of second layer Au atoms changes, to some extent, but much less compared to what we just observed on Pt. In Figure 5 , several peaks in the d-PDOS at −5.5 eV to −9.0 eV appear after H adsorption. Because these peaks are in common with those of the adsorbed H, they suggest mixing between the d-orbital of Au and the s-orbital of H.
In Figure 5b , we report results obtained for H adsorption on Au 85 . Upon hydrogen adsorption, the electron densities in the region from 0 eV to −2.5 eV decreases (note in particular the Figure 5a) . Our results suggest that the mechanism of H interaction with Au is not significantly affected by the presence of neighboring Pt atoms in bimetallic NPs, despite the changes reported for the adsorption energies (Table 2 ). This is due to the d-band of Au being almost filled, and only slightly modified by neighboring Pt atoms. The charge redistribution among the Au−H−Au atomic group on Au 85 NP upon H adsorption is found to be essentially the same as that observed on the Pt 80 Au 5 bimetallic NP (see the left panels of Figure 5 ). In both cases, electrons are donated by H atoms and accumulate at the dz 2 orbital. Au atoms donate few electrons. For comparison, the electronic structure of the Pt−H−Pt atomic group as observed on the Pt 85 NP is presented in Figure  5c . The results show that the d-band of Pt is much closer to the Fermi level compared to that of Au. Upon H adsorption, the peaks in the region from −6.5 eV to −8.0 eV provide evidence for the mixing between the Pt d-and the H s-orbitals. After H adsorption, all the peaks in the Pt d-PDOS decreases, except the one at ∼ −1.06 eV, indicating strong electron depletion. In both cases, the electrons are donated by H atoms and accumulate at the dz 2 orbital of the metal atoms. The results indicate that the electron depletion on the Pt atoms is more distinct than that on the Au atoms, suggesting that the electron depletion from the metal atom is important to explain the strength of the H-metal bond.
Comparing the results shown in Figure 4 to those shown in Figure 5 , it appears that charge redistributions within both bimetallic and monometallic NPs are for the most part localized within the atoms that participate to hydrogen adsorption when adsorption occurs on a bridge site, but they can be much delocalized when adsorption occurs on top sites. This probably happens because one H atom directly binds to two metal atoms on the bridge site, and the two adsorbing metal atoms can share the electrons donated by the hydrogen atom. This might explain why the d-band structure upon H adsorption does not change as dramatically on the B1 as it does on the T2 sites.
CONCLUSIONS
We used DFT calculations to study hydrogen atoms adsorption on Au, Pt, and Pt−Au nanoparticles (NPs) composed of 85 atoms. All calculations were focused on the active sites available on one vertex of the NPs. Our results provide mechanistic details concerning how hydrogen interacts with specific metal atoms, which could explain some interesting experimental observations. 15, 16, 38 The strongest adsorption can occur when hydrogen interacts with bimetallic NPs rather than pristine Pt NP. When hydrogen atoms adsorb on a gold atom, the H−Au bond becomes more energetically favorable when the number of neighboring Pt atoms increases. Perhaps more surprisingly, when hydrogen adsorbs on Pt our results suggest that the H− Pt bond becomes stronger when the number of neighboring Au atom increases. To interpret our findings, we obtained clues from detailed electronic structure analyses. Both inter-and intra-atomic charge redistributions are observed in Pt−Au bimetallic NPs before hydrogen adsorption. The Pt 5d band and the Au 5d band become narrower and shift to higher energies with respect to the Fermi level compared to results obtained for monometallic NPs. The effect is more pronounced on Pt than on Au atoms. In agreement with the d-band model, our results suggest that the higher the d-band center, the stronger the hydrogen adsorption. Perhaps more interestingly, however, our results reveal that electrons are donated by both hydrogen and metal atoms upon hydrogen adsorption. More electrons are donated by Pt than by Au. Pt atoms in bimetallic NPs sometimes more easily donate and accept electrons than those in monometallic Pt NPs, which might have important consequences in the design of bimetallic catalysts for hydrogenation reactions.
■ ASSOCIATED CONTENT * S Supporting Information
Additional results obtained when a hydrogen atom adsorbs on Au 79 Pt 6 and Pt 79 Au 6 (in these NPs all vertex atoms of Au 85 and Pt 85 are replaced with the second metal); additional calculations conducted to assess the interactions between two adsorbed hydrogen atoms; additional results concerning the electronic properties of bare NPs, including electronic population, d-band DOS, and highest occupied molecular orbitals. This material is available free of charge via the Internet at http://pubs.acs.org.
■ AUTHOR INFORMATION
Corresponding Author *E-mail: astriolo@ou.edu. 
